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(54) Improved programming method for a memory cell 



(57) A method of writing and selectively erasing bits 
in a selected group of memory cells that significantly re- 
duces the likelihood of disturbing data stored in other, 
non-selected groups of memory cells is disclosed. The 
method varies the bias voltages applied to bit lines in 
unseiected cells depending upon the selected or non- 
selected state of the cells. This reduces the voltage dif- 



ferential applied to the unseiected cells, reducing the 
possibility of inadvertently causing unwanted changes 
in the amount of charge stored on the respective floating 
gates of the unseiected cells. The method of the present 
invention improves electrical isolation between columns 
of cells without increasing the distance between the 
cells. 
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Description 

Backgr und of the Inv ntion 

[0001] The present invention relates to an improved 5 
method for erasing and writing information in an electri- 
cally alterable memory, and more particularly to a meth- 
od of erasing and writing information in an electrically 
erasable programmable read only memory ("EEP- 
ROM"). 10 
[0002] We have discovered a unique solution to the 
"program disturb" problem in memory cells such as 
those in current P-channel EE PROM structures. Pro- 
gram disturb occurs when there is a write or erase to a 
selected group of cells in an array, and the state or con- is 
tent of other, non-selected cells, which is supposed to 
be left unchanged, is unintentionally changed. The pro- 
gram disturb of such other, non-selected cells may not 
occur as a result of one programming cycle. The un- 
wanted change may occur incrementally and gradually 20 
over many (even millions of) programming cycles. The 
program disturb problem can be quite subtle and difficult 
to observe, but can be severely limiting for some appli- 
cations of the cell. 

[0003] We use the nomenclature for electrical opera- 25 
tions performed upon an array of memory cells in a 
slightly different manner than typically occurs. We use 
here the term "write" to refer to an operation of placing 
electrons onto a floating gate. We use the term "erase" 
to refer to an operation of removing electrons from a 30 
floating gate. The term "program" as used here refers 
to one cycle of cell programming, which includes a write 
operation and an erase operation. 
[0004] In addition, because of the need to densely 
pack memory cells, electrical isolation between adja- 35 
cent columns of cells in a byte of cells being erased is 
a concern. Columns of cells must be spaced to maintain 
an acceptable level of electrical isolation. 
[0005] This invention represents an improvement up- 
on the structure and operation described in U.S Patent *o 
5,790,455, "Low Voltage Single Supply CMOS Electri- 
cally Erasable Read-Only Memory," in U.S Patent 
5,986,931, "Low Voltage Single CMOS Electrically 
Erasable Read-Only Memory," and in U.S. Patent Ap- 
plication having Serial No. 09/262,675, and entitled "In- <*s 
dependency Programmable Memory Segments within 
a PMOS Electrically Erasable Programmable Read On- 
ly Memory Array Achieved by N-well Separation and 
Method Therefor," Filed March 19, 1999, and assigned 
to the same assignee as the present application. Based 50 
on these two patents and application, the following sum- 
marizes the overall structure of an EEPROM memory 
array and the voltages applied to it during the write and 
erase operations. 

[0006] The program disturb problem occurs because 55 
groups of cells share a number of common connections, 
including: a bit line, a word line, a source line, and an 
N-well. However, cells need to share these connections 



in order to make the memory array compact and to re- 
duce the number of signal lines routed into it. Electrical 
isolation between adjacent memory cells is a concern 
because it is necessary to place adjacent cells as close 
to one another as possible to make the array compact. 
So, an understanding of the structure and operation of 
a current memory array is important to understanding 
how the disturb problem and electrical isolation problem 
become manifest and how the present invention ad- 
dresses these two problems. 

[0007] Figure 1 is a circuit schematic diagram of a p- 
channel memory cell, which will be referred to as the 
PEEC cell (p-channel EEPROM Cell). Figure 2 is a 
schematic cross-section diagram of the PEEC cell, 
along the channel of the Figure 1 device and in a direc- 
tion parallel to the bit line. By comparing Figures 1 and 
2, a correspondence can be seen between the various 
symbolic representations of the cell components in Fig- 
ure 1 with their physical embodiment in the cross-sec- 
tion of Figure 2. For example, the source and drain of 
the cell are represented by simple lines on either side 
of the word line in Figure 1 and these are actually p-type 
diffusions in an n-well shared by many memory cells as 
depicted in Figure 2. In fact, each source and drain dif- 
fusion is actually shared by two adjacent cells. The 
"fragments" of poly 2 to the left and right of the poly 2 
word line of the cell in the center of the diagram indicate 
this. In Figure 1 , it can be seen that there are four ter- 
minals to the cell: (1) the poly 2 word line that is shared 
by a row of cells, (2) the source that is connected to the 
metal source line, (3) the drain that is connected to the 
metal bit line, and (4) the N-well body that is a region of 
n-type silicon shared by several columns of cells. Phys- 
ically, the metal bit line and source line run parallel to 
each other in pairs down each column of the array. Each 
column of cells has one bit line and one source line. 
[0008] In Figure 2, the cross-section is along and 
through the bit line so the metal line is visible in the 
cross-section. The metal source line and its contact to 
the source p+ region is not visible in Figure 2 because 
it is parallel to the bit line and out of the plane of the 
paper. Figure 1 also indicates where voltages are ap- 
plied to the PEEC cell to program or read the cell infor- 
mation. These voltages are labeled V BL (the voltage on 
the bit line), V NW (the voltage on the shared N-weil re- 
gion), V SRC (the voltage on the source line), and V WL 
(the voltage on the word line). 

[0009] Figure 3 is a schematic diagram of a portion of 
a large memory array. An N-well region is depicted as a 
dashed line box surrounding a large group of memory 
cells. In the figure, two N-wells, labeled N-well #0 and 
N-well #1 , are shown. N-well #0 contains eight complete 
columns of cells. N-well #1 would normally also contain 
eight columns of cells, but only 4 columns are shown 
due to space limitations in the figure. Eight columns are 
shown as being contained in one N-well because this is 
the typical size of a "byte" or "word" of information. One 
"byte" or "word" would actually be the number of cells 
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along the intersection of one word line with the number 
of columns in one N-well. Thus, one N-well contains 
many bytes or words, corresponding to the many word 
lines that cross the N-well. However, any number of col- 
umns could be contained in a single N-well (i.e. the 5 
"byte" or "word" size could be 1 4, 1 6, 32, or any number 
desired for the product). Also, there could be any 
number of N-wefl segments in the large array. Only two 
are shown because this is sufficient for the present de- 
scription. 10 
[0010] In Figure 3, only the top four and last two rows 
of cells (word lines) are shown due to space limitations. 
In this figure, it is assumed that there are n+1 word lines, 
numbered from 0 through n. The number n could be only 
a few, or it could be hundreds or thousands. The sche- is 
matic diagram for one PEEC cell that appears in Figure 
1 can be seen repeated many times in the array depicted 
in Figure 3. Cells in the same column share a bit line, a 
source line : and the N-well (note the three parallel lines 
running down each column). Cells in the same row 20 
share a word line (note the single horizontal line running 
along each row). All cells in the array are identified in- 
dividually by the notation, M xy , where x = the row 
number and y = the column number. 

[001 1 ] At the bottom of each column, the last transis- 25 
tor is not a PEEC cell, but a source select transistor, 
denoted by the notation Q 2 y, where z = the N-well 
number and y = the column number. The source select 
transistor is, as taught in the prior art patents, used at 
the bottom of each column to separate the column 30 
source lines during the erase operation. Otherwise the 
undesirable condition of having the programming high 
voltage signal shorted to ground could occur. The 
source select transistor must be turned on to read a cell 
and off during the erase part of a programming cycle. 35 
This is accomplished by the line running left to right 
which connects all of the source select transistor gates, 
and has the voltage label at its terminus, V se! . When the 
source select transistor is turned on, it connects the volt- 
age, V src , which is connected to all the source select 40 
transistors to the source lines. The voltages applied to 
the N-wells are labeled. V NW0 and V NW1 . The voltages 
applied to the word lines are labeled, V WL0 , V WL1 ,..., 
v wLn Tne voltages applied to the bit lines are labeled, 
V BL0? V BL1 . and so on. Many commercial products, such 45 
as "byte-selectable" or "full-featured" EEPROM memo- 
ries, select and program only one byte of cells at a time, 
leaving all other bytes in the array unaltered. This fea- 
ture is assumed in the following discussion. 
[0012] The above-noted U.S. patent application dis- so 
closes segmentation of N-wells so as to separate the 
cells along each word line into individually programma- 
ble bytes. The above-noted patents specify the voltages 
applied to cells in the N-well containing the byte to be 
programmed, but do not specify the voltages to be ap- 55 
plied to memory cells in deselected (i.e., non-selected) 
N-wells. The voltages applied to the deselected N-wells 
and their associated bit lines are specified in the above- 



noted U.S. patent application. 

[0013] In the memory cells described above, the write 
operation places electrons onto the floating gate of the 
memory cells being written. This causes a shift in the 
memory transistor threshold voltage to a low negative 
or perhaps a positive value. The merged select transis- 
tor in the cell prevents the overall cell threshold from 
becoming a positive value, however. The result of the 
write operation is that a cell becomes conductive during 
a subsequent read operation. 

[0014] Figure 4 is a schematic diagram corresponding 
to that of Figure 3, but with the voltages that would be 
applied to execute a "write" operation of the target byte 
of cells enclosed by the bold rectangle. After executing 
the "write" the cells in the target byte would be placed 
into the conductive state during a subsequent read op- 
eration. All other bytes of cells in the array, termed 
"deselected" bytes, are intended to be left unaltered, the 
electronic charge stored on their floating gates being un- 
changed. The N-well of the byte to be written, N-well #0 
in the example shown in the figure, is set at 0V and the 
N-wells of all other bytes which are deselected (unse- 
lected and not to be changed) are set at the program- 
ming voltage, Vpp. Vpp is the "high voltage" used in pro- 
gramming operations and typically lies in the range of 
12 to 20V. The word line of the byte to be written is set 
at Vpp, and all unselected bytes have their word lines 
set at OV All bit lines are set to 0V. The source select 
line has V^, >= 0V and the source line has V src = 0V. 
The source select transistors are all p-channel enhance- 
ment devices, meaning that they must have a gate- 
source voltage, V gs , which is more negative than the 
threshold voltage, V^, of the device in order for their 
channels to be on ,i.e., conduct. The voltage conditions 
applied in the write operation cause the source select 
transistors of the selected byte (Q 0 0 through Q 0 7 ) to be 
non-conductive or off. Thus all of trie source lines in the 
selected N-well (#0) are floating . The source select tran- 
sistors in the unselected N-wells may be on or off, de- 
pending upon the exact value of V se} . In any case, it is 
not critical whether these source select transistors are 
on or off and whether the source lines are floating or 
connected to 0V. The results forthe write operation will 
be the same. 

[001 5] Since the memory cells and source select tran- 
sistors in the deselected N-wells share the signal lines 
running horizontally in the array (e.g. the word lines) with 
the cells in the selected N-well (in Figure 4, N-well #0), 
they must have their voltages set so as not to cause a 
change in the stored charge on the deselected or unse- 
lected memory cells. The word line voltage of the byte 
that is being written is at Vpp with the selected N-well 
at 0V in order to cause electrons to tunnel through the 
thin dielectric layer between the N-well and floating gate. 
This requires all deselected N-wells to have Vpp applied 
to them to avoid also writing the cells along the same 
word line (e.g. cells M 0 8 through M 0 11 in Figur 4). The 
deselected word lines have 0V applied to them over the 
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selected N-well to avoid writing the unselected cells. For 
cells in the deselected N-wells that receive Vpp, these 
same word lines have OV. Thus the bit lines of the cells 
in the deselected N-wells must have OV applied to them 
to avoid changing the charge on their floating gates. An 
example of one such cell is 8 . Its N-well is at Vpp and 
its word line is at OV, causing the cell channel to be in 
inversion. With the bit line of this cell set to OV, however, 
the inversion layer of charge present in the cell channel 
under the floating gate is also set to OV since it is con- 
nected electrically to the bit line via the drain p-type dif- 
fused region. Thus the potential difference applied be- 
tween the word line and inversion layer under the float- 
ing gate is OV, and no inadvertent programming should 
occur. 

[0016] The erase operation removes electrons from 
the floating gates of the cells being erased, giving them 
a high negative threshold voltage and causing them to 
be in the non-conductive state when read. Figure 5 is a 
schematic diagram corresponding to Figure 3, but with 
voltages applied for an erase operation. As with Figure 
4, a target byte is enclosed in a bold line rectangle. Un- 
like the write operation in which all cells in the target byte 
are set to the same predetermined state, the erase op- 
eration only erases cells -in the target byte that are de- 
sired to be in the non-conductive state. The erase oper- 
ation leaves the other cells in the target byte in the con- 
ductive state. This allows impressing a "bit pattern" into 
the byte of cells, with some in the binary "0" state and 
some in the binary "1 " state. As noted above, a program- 
ming cycle includes writing all of the cells to a predeter- 
mined state (e.g., a conductive state) and then selec- 
tively erasing some of the cells to a n on -conductive 
state, leaving the others unchanged. Only cells with their 
bit lines set to Vpp in the erase operation will be erased, 
those with bit lines set to OV will be left in the written 
state. In the example shown in Figure 5, only cells M0,0 
and M 0 2 will be erased in the target byte. The target 
byte has its N-weli set at Vpp and its word line set at OV. 
Deselected word lines are set at Vpp and V seI = Vpp, so 
that all source select transistors are off and all source 
lines are disconnected from V src . Comparing Figures 4 
and 5, it can be seen that the deselected N-wells (N-well 
#1 ) and their associated bit lines have the same voltag- 
es applied in the erase operation as in the write opera- 
tion. The main difference these deselected cells see is 
a reversal of the word line voltages with the word line of 
the target byte set to OV instead of Vpp and the dese- 
lected word lines set to Vpp instead of OV. The same 
approach to preventing unwanted erasing of the cells in 
these deselected N-wells as for a write operation applies 
to the erase operation as well. It should be noted that 
all of the above is discussed in U.S. Patent No. 
5,986,931 (in particular, Figure 21 , table 8 and text col- 
umn 22 of the patent). That Patent does not disclose the 
voltages applied to the deselected N-wells (for example, 
N-well #1 in Figure 4) and the bit lines contained within 
them. 
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[0017] The read operation involves applying only low 
voltages to the array to detect which memory cells are 
conductive and which are non-conductive. The details 
of reading the cell are well known and not important for 

5 an understanding of the present invention. 

[0018] It is an object of the present invention to pro- 
vide a method of operating a memory cell to reduce the 
instance of the program disturb problem. 
[0019] It is another object of the present invention to 

10 provide a method of operating a memory cell to reduce 
the instance of the program disturb problem that does 
not depend upon changing the size of a memory cell. 
[0020] It is a further object of the present invention to 
provide a method of operating a memory cell that per- 

15 mits high density packing of memory cells without sac- 
rificing electrical isolation between columns of cells. 
[0021] It Is still another object of the present invention 
to provide a method of operating a memory cell that pro- 
vides sufficient electrical isolation between columns of 

20 memory cells without increasing the distance between 
columns of cells. 

[0022] It is still a further object of the present invention 
to provide a method of operating a memory cell that al- 
lows greater flexibility in the fabrication process without 
25 sacrificing either cell density or electrical isolation be- 
tween columns of memory cells. 

[0023] To achieve the above and other objects the 
present invention provides a method of programming 
memory cells, where, for example, a first group of cells 

30 are formed in a first semiconductor region and are op- 
eratively coupled to a word line. Cells of a second group 
are formed in a second semiconductor region and are 
operatively coupled to the word line. According to an as- 
pect of the present invention, the method comprises ap- 

35 plying a first voltage to the word line and applying a sec- 
ond voltage to the first semiconductor region. The bit 
lines of the first group of cells receive selected voltages 
and the second semiconductor region receives a fourth 
voltage, and a fifth voltage is applied to the bit lines of 

40 the second group of cells. During a first time period of 
operating the memory, the first and fourth voltages are 
substantially the same, and the second and the selected 
voltages are substantially the same, and the fifth voltage 
is selected from the range of the first voltage to the sec- 

45 ond voltage. During a second time period of operating 
the memory, the second and fourth voltages are sub- 
stantially the same and different from the first voltage, 
the fifth voltage is selected in the range of the first volt- 
age to the second voltage, and the selected voltages 

50 being selected from the second and fifth voltages. 

[0024] To achieve the above and other objects the 
present invention further provides a method of erasing 
memory cells formed in a semiconductor region, a first 
group of the cells operatively coupled to a word line, a 

55 second group of the cells operatively coupled to the 
word line. The method comprises applying a first voltage 
to the word line; applying a second voltag to the sem- 
iconductor region; applying selected voltages to the bit 
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lines of the first group of cells; and applying a fourth volt- 
age to the bit lines of the second group of cells. The first 
and second voltages are different, the fourth voltage is 
selected from the range of the first voltage to the second 
voltage, and the selected voltages being selected from 5 
the second and fourth voltages. 

[0025] The present invention can be applied to many 
types of memories, and in particular those memories 
that store information by storing charges in a cell tran- 
sistor. As an example of an embodiment of the present 
invention, the following discusses the present invention 
in view of an illustrative structure of an EEPROM. 
[0026] Figure 1 is a circuit schematic diagram of a p- 
channel memory cell. 

[0027] Figure 2 is a schematic cross-section diagram 
of the PEEC cell, along the channel of the Figure 1 de- 
vice and in a direction parallel to the bit line. 
[0028] Figure 3 is schematic diagram of a portion of 
a large memory array. 

[0029] Figure 4 is a schematic diagram corresponding 
to Figure 3, but with the "write" voltages applied to a se- 
lected group of cells enclosed by the bold rectangle. 
[0030] Figure 5 is a schematic diagram corresponding 
to Figure 3, but with the "erase" voltages. 
[0031 ] Figure 6 is a cross-sectional view of one of the 25 
cells, M 0 8 , M 0 9 , M 0 10 , or M 0f11 in Figure 4. 
[0032] Figure 7 illustrates the sequence of events 
leading up to an energetic electron arriving atthesilicon- 
tunnel dielectric interface. 

[0033] Figure 8 is a band diagram schematically illus- 30 
trating the concept of a population of electrons arriving 
at the silicon-tunnel dielectric interface with a distribu- 
tion of energies. 

[0034] Figure 9 is a schematic diagram corresponding 

to Figure 3, but with the application of a bit line voltage, 35 

V BLd , during a write operation. 

[0035] Figure 10 is a schematic diagram correspond- 
ing to Figure 3, but with the application of a bit line volt- 
age. v Bi_d' during an erase operation. 
[0036] Figure 11 is a schematic cross-section dia- 40 
gram of the parasitic field transistor formed between the 
cell columns. 

[0037] Figure 12 illustrates the case in which the 
spacing between columns is so narrow that the drain 
depletion region has merged with the source depletion 45 
region. 

[0038] Figure 13 illustrates the case with the same 
narrow column spacing as in Figure 12, but with im- 
proved drain depletion region in accordance with an em- 
bodiment of the invention. so 
[0039] Program disturb is the unintentional alteration 
of charge on the floating gate of a cell which is not in the 
target byte being programmed during the programming 
cycle. Program disturb can occur during the write or 
erase operations and may occur incrementally, requir- 55 
ing many programming cycles before the threshold volt- 
age of the cell is shifted enough to read a different binary 
state than originally programmed. While it is not obvious 
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even to those experienced in the field of the invention, 
program disturb can take place with the write and erase 
conditions applied in Figures 4 and 5, respectively. This 
is true even though different groups of cells are affected 
in the write operation than in the erase operation. 
[0040] Referring to Figure 4 showing the voltages ap- 
plied for a write operation, the voltages applied to the 
cells in the deselected N-well along the same word line 
as the byte being written may be examined. These are 
the cells designated M 0 8 , M 0 9 , M 0 10 , and M 0(11 in the 
figure. These cells have their N-well and word iine both 
set to Vpp and their bit lines set to 0V. If V sel = 0V f then 
the source select transistors are all on in that N-well and 
the source lines of these cells are connected to V src = 
0V. Even if V se , = Vpp and the source select transistors 
are off, the sources of M 08 , M 09 , M 0 10 , and M 0>11 will 
still be connected to the 0V applied to the bit lines be- 
cause the other cells along the column with their word 
lines at OV and the N-well at Vpp will be conductive and 
connect the common source line to the bit line voltage. 
[0041 ] Figure 6 is a cross-sectional view of one of the 
cells, M 0 8 , M 0 9 , M 0 10 , or M 0 ^ in Figure 4, with the set 
of applied voltages listed above. In the figure, the met- 
allurgical junction boundary (solid line) is shown as are 
the limits of the depletion region (dashed lines) which >. 
extends into both the P+ side of the junction and the N- 
well side of the junction. As one of ordinary skill in the 
art of semiconductor device physics can appreciate, the 
depletion region extends much further into the N-well 
side of the p-n junction, than the P+ side due to the typ- 
ically much lower doping concentration in the N-weil ver- 
sus the P+ regions that form the drain and source. It is 
assumed in the figure that the cell under examination is 
in the erased charge state with a net positive charge on 
the floating gate in this example. This is symbolized with 
the row of signs on the floating gate. The actual po- . 
tential of the floating gate is a function of the net charge * 
on it and the potentials of the N-well and word line which 
couple their potentials to it capacitively. If there were ze- 
ro net charge on the floating gate and both the N-well 
and word line are at Vpp as shown in the figure, then 
the floating gate potential would also be approximately 
at Vpp. Since there is assumed a net positive charge on 
the floating gate, however, the floating gate potential is 
at some value greater than Vpp. For an erased cell the 
potential due to charge on the floating gate would typi- 
cally lie in the range of +2V to +6V. Thus, the actual po- 
tential of the floating gate with the applied voltages 
shown in the figure would fie in the range of Vpp+2V to 
Vpp+6V. Even though the same voltage is placed on 
both the N-well below the floating gate and the word line 
surrounding it, there is an electric field across the tunnel 
dielectric between the floating gate and N-well. The di- 
rection of the electric field is such as to cause electrons 
to be attracted to the N-well surface under the floating 
gate. However, the field is not large enough to cause the 
normal Fowler-Nordheim tunneling of electrons across 
the tunnel dielectric and onto the floating gate as is used 
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in the write operation. This lack of tunneling is true as 
long as the conduction electrons in the N-well have en- 
ergies near the conduction energy band in the N-well. If 
a portion of the conduction band electron population is 
given sufficient energy above the conduction band en- 
ergy level, though, some electrons may have enough 
energy to surmount the energy barrier between the con- 
duction bands of the silicon N-well and the tunnel die- 
lectric. If the tunnel dielectric were Si02, this barrier 
height would be approximately 3.2eV. Having surmount- 
ed the energy barrier, these energetic or "hot" electrons 
are then able to make their way through the tunnel die- 
lectric and onto the floating gate. They would then begin 
to compensate the positive charge initially present on 
the floating gate. If enough electrons surmount the en- 
ergy barrier and collect on the floating gate over time, 
then the charge state of the memory cell will change, 
during a subsequent read, from the n on -conductive 
erased state to the conductive written state, resulting in 
a loss or corruption of the stored data. 
[0042] As noted above, if electrons with energy suffi- 
ciently greater than the silicon conduction band energy 
were present in the N-well near the floating gate, they 
could surmount the tunnel dielectric barrier and change 
the charge on the floating gate. Attention is now focused 
on how these energetic electrons could be created in 
the N-well. Those with ordinary skill in the art of semi- 
conductor device physics know that there are a number 
of mechanisms by which electron-hole pairs (ehp) can 
be created in a reverse biased P-N junction depletion 
region. The most important mechanisms are: (1) ther- 
mal generation, (2) impact ionization, (3) band-to-band 
tunneling, and (4) optical excitation. It is reasonable to 
eliminate optical excitation as an important mechanism 
for the present discussion because in the EEPROM 
products of interest in this invention, light is typically 
shielded out by the packaging materials used to sur- 
round the chip. 

[0043] Figure 6 schematically illustrates the creation 
of electron-hole pairs in the drain junction depletion re- 
gion with the electrons and holes represented by a circle 
with a "-" sign and "+" sign, respectively. Electron-hole 
pairs may be created by any of the three mechanisms 
described above. Once created, the holes are swept to- 
ward the p-side of the junction and the electrons toward 
the n-side by the electric field in the depletion region. 
The holes enter the neutral region of the P+ drain junc- 
tion and flow out the drain contact (arrow labeled 1 ). The 
vast majority of electrons enter the neutral region of the 
N-well and flow out the N-well contact (arrow labeled 2). 
Some of the electrons which enter the neutral N-well re- 
gion are attracted toward the surface by the positively 
charged floating gate or have their momentum directed 
toward the surface by elastic collisions with lattice sites 
or Coulombic scattering events with ionized dopant at- 
oms (arrow labeled 3). The population of electrons that 
arrive at the silicon-tunnel dielectric interface do not all 
have the same energy. As electrons generated in the 



depletion region gain energy due to acceleration by the 
electric field, they undergo scattering events that cause 
them to lose some of the energy gained. Statistically, 
some electrons will lose more energy than others. Thus, 

5 it can be appreciated that there is a distribution of ener- 
gies among the electrons entering the neutral N-well 
from the depletion region with many having insufficient 
energy to surmount the barrier at the interface. There 
will be some, however, that do have sufficient energy to 

to surmount the barrier and add their charge to the floating 
gate (arrow labeled 4). 

[0044] Referring to Figures 4, 5, 9 and 10, it will be 
clearly understood by those skilled in the art that the pro- 
gram disturb problem can also occur in a case in which 
is all memory cells are placed in a single semiconductor 
region, such as a single N-well region. As depicted in 
Figures 4 and 5, there would be only one semiconductor 
region, such as N-well #0 containing all cells of the mem- 
ory. As an example, cells M 0 8 — M 0 11 would all be in 
20 the same semiconductor region, such as a common N- 
well. In such a case, however, program disturb only oc- 
curs during an erase operation, not during a write oper- 
ation. This is because during a write operation the only 
word line set to Vpp is that for the row being written. In 
25 the erase operation, the word lines of all deselected (i. 
e., non-selected) rows are set to Vpp. Without employ- 
ing the present invention, program disturb can occur in 
the cells of these rows. Applying the present invention 
to these rows minimizes program disturb from occurring 
30 during an erase operation. 

[0045] Figures 7 and 8 are energy band diagrams that 
illustrate the process of electrons gaining energy in the 
depletion region and surmounting the energy barrier. 
Figure 7 illustrates the sequence of events leading up 
35 to an energetic electron arriving at the silicon-tunnel di- 
electric interface. First, an ehp is created in the depletion 
region. The electron is swept to the right by the electric 
field present in the depletion region and gains energy. 
As it traverses the depletion region, it undergoes scat- 
40 tering events and gives up some of its energy. It even- 
tually reaches the edge of the depletion region and en- 
ters the neutral N-well with still some energy above the 
conduction band. Figure 8 is a band diagram schemat- 
ically illustrating the concept of a population of electrons 
45 arriving at the silicon-tunnel dielectric interface with a 
distribution of energies. The small inset graph of elec- 
tron density versus energy placed level with the N-well 
conduction band illustrates the concept that there is a 
small "tail" in the distribution with large enough energy 
so to surmount the barrier. Since there is a positive charge 
on the floating gate in the erased cell, it represents a 
potential well on the diagram and the positive charge 
also lowers the barrier of the tunnel dielectric at the top 
which aids electrons by a small amount. Two electrons 
55 are shown surmounting the barrier, one that has enough 
energy to completely go over the top and one near the 
top with enough energy to tunnel through the barrier aid- 
ed by the electric field from the positive charge. 
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[0046] Given the above mechanisms for generating a 
population of energetic electrons near the floating gate, 
the present invention seeks to do two things: (1) reduce 
the number of such electrons generated per second, 
and (2) reduce the percentage of the population gener- 5 
ated that have sufficient energy to surmount the tunnel 
dielectric barrier separating the floating gate from the N- 
well. This is accomplished by applying a voltage to the 
bit lines during the write and erase operations that will 
reduce the reverse bias across the P-N junctions of the 10 
sources and drains. 

[0047] Figures 9 and 1 0 are schematic diagrams cor- 
responding to Figure 3, but with the application of a bit 
line voltage, V BLd , during the write and erase operations, 
respectively. V BLd is a voltage that is positive (>0) with *s 
respect to ground (0V). In Figure 9, V BLd is applied to 
the bit lines of all ceils in all deselected N -wells (exam- 
ple, N-well #1). In Figure 10, V BLd is applied to the bit 
lines of all cells in all deselected N-wells, and also to the 
bit lines in the selected N-well which are not set to Vpp. 20 
As described above, a byte is first written, placing all 
cells in a predetermined state, and then cells are selec- 
tively erased to impress the desired pattern of 1's and 
0's into the cells of the target byte. To serve as an illus- 
tration, Figure 1 0 shows just one possible combination 25 
of bit lines in the target byte with Vpp and V BLd applied. 
[0048] The result of applying the bit line voltage is that 
all cells that had the set of applied voltages which would 
cause program disturb, as shown in Figure 6, now have 
V BL = V BLd instead of V BL = 0V. This means that the P- 30 
N junctions forming the sources and drains of the cell 
now have a reverse bias of Vpp - V BLd instead of Vpp - 
0V. This reduction in reverse bias has several beneficial 
effects. First, the width of the depletion region is reduced 
so that the total volume of silicon enclosed by it is re- 35 
duced. This reduces thermal generation of electrons. 
The rate of thermal generation, G, maybe approximated 
by the equation G = 2n/T g , where n 4 is the intrinsic car- 
rier concentration in silicon and x g is the effective carrier 
generation lifetime. The intrinsic concentration, n h is a *o 
basic material property of silicon and it is highly temper- 
ature dependent, increasing rapidly with increasing tem- 
perature. The units of G are therefore ehp generated 
per cm 3 per second. To obtain an approximation of the 
total number of ehp generated in the depletion region *s 
per second, G is multiplied by the volume of the deple- 
tion region. 

[0049] Second, the electric field in the depletion re- 
gion is reduced and this reduces the number of ionizing 
collisions occurring per second in it, which in turn reduc- so 
es the total number of energetic electrons generated per 
second due to impact ionization. Third, the overall en- 
ergy distribution of electrons emerging from the edge of 
the depletion region into the N-well is reduced to lower 
values of energy. With lower electric field in the depletion 55 
region, it is statistically more difficult to generate as 
many electrons with the high energy needed to sur- 
mount the tunnel dielectric barrier. As a consequence of 



these beneficial effects, many more write/erase cycles 
are required to cause program disturb than would oth- 
erwise have been the case with 0V applied to the bit 
lines of these cells as in the prior art. Thus, the suscep- 
tibility of memory cells to this type of program disturb 
phenomenon has been substantially lowered. 
[0050] It will be clear to those skilled in the art of sem- 
iconductor device physics that the larger the value of 
V BLd , the greater the improvement in program disturb 
will be. However, V BLd will have an upper limit above 
which other disturb problems occur. An example of this 
can be seen in Figure 10 for the cell labeled M 0 8 . This 
cell is one that is not to be erased. It has the N-well at 
Vpp and its word line at OV, so the N-well surface is in- 
verted and a channel is formed underneath the floating 
gate. This channel is connected to the bit line voltage 
via the P+ drain and, thus, there is a potential difference 
between the word line and the channel, now connected 
to V BLd . The floating gate is coupled closely to the word 
line for most practical values of coupling ratio (typically 
in the range of 0.6 to 0.8), and so is close to ground. 
The positive voltage on the channel causes an electric 
field across the tunnel dielectric. This electric field de- 
pends not only upon the coupling ratio and V BLd , but also 
on the charge stored on the floating gate, Qfg. The larg- 
est electric field occurs for a cell that is in the written 
state with negative charge stored on the floating gate. 
If the field is large enough , electrons will tunnel off of the 
floating gate to the positive potential of the channel by 
Fowler-Nordheim tunneling. Even for electric fields well 
below the 1 OMV/cm required for significant Fowler-Nor- 
dheim tunneling, charge loss from the floating gate can 
still occur across a tunnel dielectric that has been re- 
peatedly stressed by write/erase operations. This leak- 
age phenomenon at low electric fields in stressed die- 
lectrics is termed "stress-induced leakage current" 
(SILC) and is well-known to those skilled in the art. This 
effect places an upper limit upon V BLd and this limit will 
be highly dependent upon the nature of the tunnel die- 
lectric (thickness, growth conditions) and the coupling 
ratio. A practical upper limit to V BLd is about 8V, but may 
be as low as 2V in some technologies. 
[0051] In addition to improving the susceptibility to 
program disturb, applying a bit line bias according to the 
present invention also improves the isolation between 
adjacent columns of cells in a byte that is being erased 
(see Figures 5 and 10). In Figure 5, it can be seen that 
in N-weli #0, adjacent bit lines can be at different poten- 
tials. For example, the first bit line from the left has Vpp 
applied to it and the second bit line from the left has 0V 
applied to it with the N-well at Vpp and the polysilicon 
word line at 0V. This is also the worst-case condition for 
turning on a parasitic field transistor between the cell 
columns. 

[0052] Figure 11 is a schematic cross-section dia- 
gram of the parasitic field transistor formed between the 
cell columns. The cross-section is taken perpendicular 
to the columns and along the word line. The "gate oxide" 
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of this parasitic field transistor is the thick field oxide be- 
tween the columns and its gate is the polysilicon word 
line. The source and drain of the parasitic field transistor 
are the P+ drains of the cells in the adjacent columns. 
The fabrication process for the memory should be de- 
signed so as to ensure that the threshold voltage of this 
parasitic field transistor is greater than Vpp. In addition 
to this, however, the columns of cells must be spaced 
far enough apart to also ensure that punch through from 
drain to source does not occur. Punch through occurs 
when the depletion regions of the adjacent columns are 
so close as to touch and allow the drain potential to lower 
the barrier to current injection from the source. This is 
the well-known drain-induced barrier lowering (DIBL) ef- 
fect in short-channel MOSFETs. This effect limits the 
column to column spacing to some minimum value, be- 
low which large leakage currents between columns 
would occur. 

[0053] Figure 11 illustrates the case in which the col- 
umns are placed far enough apart so that the drain de- 
pletion region does not touch the source depletion re- 
gion. Figure 1 2 illustrates the case in which the spacing 
between columns is so narrow that the drain depletion 
region has merged with the source depletion region. The 
bold arrow indicates a current flow path for leakage cur- 
rent between the source and drain. In Figure 12, Vpp is 
applied to the first bit line (the source of the field tran- 
sistor) and OV is applied to the second bit line (the drain 
of the field transistor). This makes the drain-source volt- 
age, Vds = OV - Vpp = -Vpp. 

[0054] Figure 13 illustrates the case with the same 
narrow column spacing as in Figure 12, but with V BLd 
applied to the second column instead of OV. The reverse 
bias across the P-N junction formed between the P+ re- 
gion and N-well is now reduced and the drain depletion 
region does not extend as far into the N-well. Referring 
to Figure 13, with the voltage, V BLd , applied to the sec- 
ond column, the drain voltage of the parasitic field tran- 
sistor is reduced so that Vds = V BLd - Vpp. Since Vpp 
and V BLd are both positive voltages, this means that the 
magnitude of Vds is lower with V BLd on the second bit 
line than with OV on that bit line. This allows the source 
and drain depletion regions to remain separated and no 
punch through occurs even with the narrower column 
spacing. All other factors being equal, this means that 
the columns can be placed closer to one another before 
punch through occurs with the bit line voltage, V BLd , than 
if OV were used. This allows the memory array to con- 
sume less silicon area than it would otherwise, improv- 
ing the cost efficiency of the technology. 



Claims 

1 . A method of operating a memory including first and 
second groups of memory cells, cells of the first 
group formed in a first semiconductor region and 
operatively coupled to a word line and respective 



bit lines, cells of the second group formed in a sec- 
ond semiconductor region and are operatively cou- 
pled to the word line and respective bit lines, the 
method comprising: 

5 

applying a first voltage to the word line; 
applying a second voltage to the first semicon- 
ductor region; 

applying selected voltages to the bit lines of the 
10 first group of cells; 

applying a fourth voltage to the second semi- 
conductor region; 

applying a fifth voltage to the bit lines of the sec- 
ond group of cells; 

15 wherein during a first time the first and fourth 

voltages are substantially the same, and the 
second and the selected voltages are substan- 
tially the same, and the fifth voltage is selected 
from the range of the first voltage to the second 

20 voltage, and 

wherein during a second time the second and 
fourth voltages are substantially the same and 
different from the first voltage, the fifth voltage 
is selected from the range of the first voltage to 

25 the second voltage, and the selected voltages 

being selected from the fifth and second volt- 
ages. 

2. A method of operating a memory according to claim 
30 1 , wherein during the first time, the first voltage is 

greater than the second voltage. 

3. A method of operating a memory according to claim 
1 , wherein during the second time, first voltage is 

35 less than the second voltage. 

4. A method of operating a memory according to claim 
1, wherein the first and second times occur during 
programming of the memory. 

40 

5. A method of erasing a first group of memory cells 
in a memory including at least first and second 
groups of cells, cells of the first group formed in a 
first semiconductor region are operatively coupled 

45 to a word line, cells of the second group formed in 
a second semiconductor region and are operatively 
coupled to the word line, the method comprising: 

applying a first voltage to the word line; 
50 applying a second voltage to the first semicon- 

ductor region; 

applying selected voltages to the bit lines of the 
first group of cells; 

applying a fourth voltage to the second semi- 
55 conductor region: 

applying a fifth voltage to the bit lines of the sec- 
ond group of cells; 

wherein the second and fourth voltages are 
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substantially the same and different from the 
first voltage, the fifth voltage is selected from 
the range of the first voltage to the second volt- 
age, and the selected voltages being selected 
from the fifth and second voltages. 

6. A method of erasing a first group of memory cells 
in a memory according to claim 5, wherein the first 
voltage is less than the second voltage. 

7. A method of erasing a first group of memory cells 
in a memory according to claim 6, wherein the sec- 
ond voltage is positive. 

8. A method of writing a first group of memory cells in 
a memory including at least first and second groups 
of cells, cells of the first group formed in a first sem- 
iconductor region and are operatively coupled to a 
word line, cells of the second group formed in a sec- 
ond semiconductor region and are operatively cou- 
pled to the word line, the method comprising: 

applying a first voltage to the word line; 
applying a second voltage to the first semicon- 
ductor region; 

applying a third voltage to the bit lines of the 
first group of cells; 

applying a fourth voltage to the second semi- 
conductor region; 

applying a fifth voltage to the bit lines of the sec- 
ond group of cells; 

wherein the first and fourth voltages are sub- 
stantially the same, and the second and third 
voltages are substantially the same, and the 
fifth voltage is selected from the range of the 
first voltage to the second voltage. 

9. A method of writing a first group of memory cells in 
a memory according to claim 8, wherein the first 
voltage is greater than the second voltage. 

10. A method of writing a first group of memory cells in 
a memory according to claim 9, wherein the first 
voltage is positive. 

1 1 . A method of erasing memory cells formed in a sem- 
iconductor region, a first group of the cells opera- 
tively coupled to a word line, a second group of the 
cells operatively coupled to the word line, the meth- 
od comprising: 

applying a first voltage to the word line; 
applying a second voltage to the semiconduc- 
tor region; 

applying selected voltages to the bit lines of the 
first group of cells; 

applying a fourth voltage to the bit lines of the 
second group of cells; 
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wherein the first and second voltages are dif- 
ferent, the fourth voltage is selected from the 
range of the first voltage to the second voltage, 
and the selected voltages being selected from 
the second and fourth voltages. 

12. A method of erasing a first group of memory cells 
in a memory according to claim 1 1 , wherein the first 
voltage is less than the second voltage. 

13. A method of erasing a first group of memory cells 
in a memory according to claim 1 2, wherein the sec- 
ond voltage is positive. 
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